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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SL) UNITS OF MEASUREMENT 


U.S. customary units of measurement used in this report can be converted to 
metric (SI) units as follows: 


eee ooo 


Multiply by To obtain 
inches 25.4 millimeters 
2.54 centimeters 
square inches 62452 square centimeters 
cubic inches Oo 39) cubic centimeters 
feet 30.48 centimeters 
0.3048 meters 
square feet 0.0929 square meters 
cubic feet 0.0283 cubic meters 
yards 0.9144 meters 
Square yards 0.836 square meters 
cubic yards 0.7646 cubic meters 
miles 1.6093 kilometers 
square miles 259.0 hectares 
knots 1.852 kilometers per hour 
acres 0.4047 | hectares 
foot-pounds 1.3558 newton meters 
ad LILA ETS 1 ,OROW 3x 1073 kilograms per square centimeter 
ounces 28.35 grams 
pounds 453.6 grams 
0.4536 kilograms 
ton, long 1.0160 metric tons 
ton, short 0.9072 metric tons 
degrees (angle) 0.01745 radians 
Fahrenheit degrees 5/9 Celsius degrees or Kelvins! 


1To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, 
Use FoOammilas Ge (5/9) CF Bayo 
To obtain Kelvin (K) readings, use formula: K = (5/9) (F -32) + 273.15. 


SYMBOLS AND DEFINITIONS 


ajm/k roughness term 


Ce group velocity (meters per second) 

D damage to the profile (cubic centimeters) 

D' dimensionless damage 

d water depth in flat part of tank (centimeters) 

dis equivalent diameter of the riprap stone; 15 percent of the total weight 

prEap P 

of the armor gradation is contributed by stones of lesser weight 
(millimeters) 

d.. equivalent diameter of the filter stone; 85 percent of the total weight 


of the filter gradation is contributed by stones of lesser weight 
(millimeters) 


g acceleration due to gravity (9.81 meters per second) 

H incident wave height (centimeters) 

H, wave height at the zero-damage level (centimeters) 

L wavelength (centimeters) 

Ly deepwater wavelength (feet) 

N, stability number 

N, stability number at the zero-damage level 

Nzp stability number at the zero-damage level divided by the average of the 


prototype stability numbers at the zero-damage level 


Rr Reynolds number with roughness term 

Ry Reynolds number using wave height 

Rz runup at the zero-damage level 

Ss distance from wave blade to toe of embankment (meters) 

HE wave period (seconds) 

Wa wave burst duration (seconds) 

Weg median armor stone weight (kilograms); weight of stone where 50 percent 


of the total weight of the armor gradation is contributed by stones of 
lesser weight 


SYMBOLS AND DEFLINITIONS—-Continued 


unit weight of riprap; 2707.1 kilograms per cubic meter 
in this study 


unit weight of water; 1000 kilograms per cubic meter 
surf parameter (centimeters squared per second) 
angle formed between embankment slope and horizontal 


kinematic viscosity 


RIPRAP STABILITY SCALE EFFECTS 


by 
Laurte L. Brodertek and John P. Ahrens 


I. INTRODUCTION 


Small-scale wave tank tests of riprap stability were conducted at the U.S. 
Army Coastal Engineering Research Center (CERC), and the results were compared 
with previously conducted large-scale tests of riprap stability (Ahrens, 1975) 
to determine the nature and magnitude of scale effects. The large-scale tests, 
conducted in CERC's large wave tank (LWY), used wave heights which exceeded 
1.5 meters in some instances and can be regarded as prototype scale. The small- 
scale tests replicated the LWT tests at a 1:10 (model:prototype) Froude scale. 
Both small-scale and LWI tests were conducted using monochromatic waves (waves 
of constant height and period). The results of the experiments were used to 
evaluate scale effects correction factors. These results will also be used to 
evaluate future small-scale tests of riprap stability using irregular waves, 
the next phase in this study. 


It has only been in the last few years that irregular wave conditions could 
be satisfactorily generated in the laboratory but only at small scales, because 
of the unavailability of a prototype-scale irregular wave research facility. 
This investigation of scale effects will allow, with some confidence, the 
-extrapolation of the small-scale test results to prototype scale when the 
model/prototype-scale ratio is 1:10. It will also give general insight into 
the nature of scale effects to be expected when conducting model experiments at 
other scale ratios. 


TI. TEST SETUP AND PROCEDURE 
1. Large Wave Tank (LWT) Tests. 


Ahrens' (1975) large-scale tests were conducted in the LWI which is 193.6 
meters long, 4.6 meters wide, and 6.10 meters deep. A stillwater depth of 
4.6 meters was used for all tests. The distance between the toe of the embank- 
ment and the mean position of the wave generator blade varied from about 119 to 
137 meters, depending on the slope of the embankment being tested. Details on 


the wave tank and generator are given in Coastal Engineering Research Center 
(1980). 


The embankment was made up of core material, a filter layer, and an armor 
layer. The core material was compacted bank-run gravel, graded to the desired 
slope, and was essentially impermeable to wave penetration. The filter layer, 
15 to 21 centimeters thick, was placed between the core material and the armor 
layer. The filter stone was sized such that the ratio of the 15 percent finer 
diameter of the riprap stone, dj5, to the 85 percent finer diameter of the 
filter stone, dgs5, was usually less than 4 and always less than 5. The armor 
stone, which was a diorite with a specific gravity of 2.7/1, was divided into 
three stockpiles according to the median weight, Ws g. One stockpile ranged 
from 12.2 to 16.3 kilograms, another from 33.1 to 35.4 kilograms, and the third 
was constant at 54.4 kilograms. The relative size gradations of the three 
stockpiles were the same; the specified maximum stone weight was four times the 
median weight and the minimum weight was one-eighth of the median weight. 


In the LWT tests the following parameters were varied systematically: wave 
height, embankment slope, riprap weight, and wave period. Wave heights varied 
from 0.43 to 1.83 meters; wave periods ranged from 2.8 to 11.3 seconds; the 
embankment slopes tested were 1 on 2.5, 1 on 3.5, and 1 on 5; and the median 
riprap weight varied from 12.2 to 54.4 kilograms. 


2. Small-Scale Tests. 


The small-scale tests were run in one of CERC's small wave tanks, 0.46 
meter wide by 0.91 meter deep by 45.7 meters long, which was used to repli- 
cate the LWT at a 1:10 Froude scale. The width of the small tank is one-tenth 
of the LWI, and the distance from the toe of the embankment to the mean position 
of the blade was made one-tenth of the distance in the LWI. Figure 1 shows a 
profile view of the tank used in the small-scale tests. 


In the small-scale tests the wave height and wave period were varied, but 
the embankment slope and median riprap weight were fixed. The embankment 
slope for the small-scale tests was 1 on 3.5 which was one of the slopes 
tested in the LWT. The median riprap weight was fixed at 0.034 kilogram which 
replicates the stockpile of riprap with a median riprap weight of 34 kilograms 
used in the LWI when scaled down using the Froude scale. 


The riprap armor layer in the small-scale tests was the same material and 
from the same quarry as that used in the prototype tests, diorite with a 
specific gravity of 2.71. The gradation of the model armor ranged in weight 
from four times to one-eighth the median weight of 0.034 kilogram, the same 
gradation as that used in the prototype (Fig. 2). A gradation analysis was run 
both before and after testing to determine if the gradation of the armor unit 
changed over time. As shown in Figure 2, the two gradations appear to be about 
the same. 


The filter layer consisted of small gravel with a 3- to 8-miilimeter diam- 
eter and was constructed to approximately one-tenth prototype scale; model 
and prototype filter layer gradations are shown in Figure 3. 


The core material was compacted sand with a median diameter of 0.2 milli- 
meter. No attempt was made to replicate the core material at a 1:10 Froude 
scale which is effectively impermeable in both model and prototype. 


Waves were run in bursts of short duration with an interval of about 1 
minute between bursts to allow the wave energy in the tank to dampen out. The 
duration of the wave burst was set equal to 

2S 
ww - = (1) 
g& 


where W, is the wave burst duration, S the distance from wave blade to toe 
of embankment, and Cg the group velocity of the waves. The number of wave 
bursts run at a particular wave height in the model, which was equal to the 
number of wave bursts in the prototype, was normally enough to ensure that the 
riprap profile was at equilibrium for the given wave height and period. The 
minimum number of waves run at a particular wave height ranged from 340 for 
the longest period waves to 1,050 for the shortest period waves. After the 
required number of waves had been generated, the condition of riprap surface 
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Figure 1. Profile view of wave tank and test setup. 
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was documented; the wave height was then increased approximately 10 percent, 
and wave bursts were generated again. This procedure was continued until a 
wave height was reached which caused failure of the riprap. Failure was 
defined as the riprap being shifted enough to expose part of the filter layer 
which was removed by the wave action. 


The incident wave height was calculated using strip-chart recordings from 
two resistance-type wave gages spaced one-quarter of a wavelength apart and 
placed as close to the wave generator as feasible such that the waveform sta- 
bilizes. The gages were placed as close to the blade as convenient to increase 
the recording time of the gages before the waves were reflected from the 
structure and returned to the gages. The average wave height, which was the 
average of the wave heights for each gage, was measured by visual inspection of 
the strip-chart recordings. 


In the LWI tests, a correction was applied to the wave height because of 
the last wave effect (Madsen, 1970). The term "last wave effect" refers to the 
occurrence of one to three waves noticeably higher than the modal wave height; 
the number of higher waves is related to the water depth-to-wavelength ratio, 
d/L. This term was used because the highest wave usually occurred near the end 
of the burst. A high wave also occurred near the beginning of the burst, causing 
the highest waves to bracket the smaller waves of almost uniform height. These 
smaller waves were considered the modal waves. 


The highest waves in the burst caused more stone movement than the modal 
waves; thus, a correction was made to the modal wave height. The use of the 
modal wave height to characterize the height of a wave burst would result in 
an invalid comparison of riprap stability for tests with different wave periods. 
The correction to the modal wave height was determined by the depth-to-wavelength 
ratio, d/L: a decrease from 1.11 for a wave period of 2.8 seconds to 1.04 for a 
wave period of 11.3 seconds. 


The last wave effect was not apparent in the small-scale tests because of 
the initial and final position of the wave generator blade. The initial and 
final position of the blade in the LWT tests was in the center of its total 
stroke where the water particle velocities were at a maximum, creating some 
irregularities in the initial and final waves. In the small-scale tests the 
blade started and stopped in a rear position where the water particle veloci- 
ties were zero, causing no apparent irregularities in the wave burst. 


The apparatus used to survey the filter layer and riprap armor layer con- 
sisted of six vertical sounding rods mounted on a rack that moved along rails 
mounted on the tank walls. Attached to the end of each survey rod by a ball 
and socket joint was a foot measuring 1.8 centimeters in diameter which was 
approximately one-tenth of that used in the LWI tests. The model surface was 
surveyed in the same manner as that of the prototype. Surface elevations were 
measured over square grid points 61 by 61 centimeters (prototype, one-tenth of 
that for the model) apart on a horizontal plane. 


The following procedure for the small-scale tests was the same as for the 
prototype tests (Ahrens, 1975): 


(a) Place and compact core material. 


(b) Place and smooth filter layer material. 
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(c) Survey filter layer surface. 


(d) Place riprap armor stone by dumping from a hand-held can to 
simulate the prototype procedure of dumping from a skip. 


(e) Survey riprap armor layer surface (reference survey). 


(f) During the generation of the predetermined number of wave 
bursts, collect wave data and visually observe the behavior of the 
riprap and wave runup on the riprap surface. 


(g) Survey riprap armor layer. 
(h) Increase wave height approximately 10 percent. 
(i) Repeat steps f, g, and h until failure. 
(j) Conduct final riprap survey. 
III. METHOD OF DATA ANALYSIS 


Damage to the riprap armor layer was quantified by comparing the profile of 
the riprap armor layer taken at some wave height (damage profile) with the 
profile taken before any waves had attacked the riprap armor (reference profile). 
The comparison is shown schematically in Figure 4. The change in the reference 
profile typically consisted of an erosion zone and an accretion zone, as shown 
in Figure 4. The volume per unit length of the erosion zone was used to quan- 
tify the extent of damage to the riprap, D. Using the median stone weight, 

Wsg, to characterize the size of the riprap, the dimensionless damage, D', 
is given by 


D! Ao (dae De Rites (2) 


Ws 2/3 
Wr 
where wy is the unit weight of the riprap stone; i.e., D' is the equivalent 


number of median size stones removed by wave attack per median stone length. 
The word equivalent is used because D"' includes about 40 percent void spaces. 


The incident wave height was made dimensionless through the use of the 
stability number, Ns, which was developed in Hudson's (1958) study of the 
stability of rubble-mound breakwaters. The stability number is given by 


Neat QUES /S Ts (3) 


where H is the incident wave height, and W the weight of water. Since 
freshwater (w, = 1000 kilograms per cubic meter) and the density of the stone 
(wr = 2707.1 kilograms per cubic meter) were the same in both prototype and 
small-scale tests, (wy /w,, - 1) = 1.71 for all tests. 


Data from one small-scale test (SET-1) and one prototype test (SPL-19) are 
used in Figure 5 to illustrate typical damage trends observed in this study. 
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Figure 4. Riprap damage profile. 
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Figure 5. Typical small-scale and prototype damage 
trends for d/gT* = 0.0144. 
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The SET-1 test replicated the LWI SPL-19 test at a 1:10 Froude scale. Damage 
trend refers to the increasing cumulative damage with increasing wave height. 
Fitted to the data for both tests are curves of the form 


D' = anP (4) 


where D' is the dimensionless damage, Ng the dimensionless wave height stabil- 
ity number, and a,b the dimensionless regression coefficients. Figure 5 shows 
that the regression curves fit the data well, particularly at low levels of 
damage, and provide a convenient method of defining the damage trend. Also 
shown in Figure 5 is the zero-damage level used in this study (i.e., D' = 2.0). 
D' = 2.0 is about the lowest level of damage that can be consistently detected 
in the inherent scatter in the survey data. 


The two tests in Figure 5 had a relative water depth of d/gt? = 0.0144, 
where d is the water depth in the tank, T the wave period, and g the 
acceleration of gravity. In comparing damage trends, both the prototype and 
small-scale tests were grouped by relative depth (see Table 1) to eliminate 
the possible influence of wave period effects (Ahrens and McCartney, 1975). 


Curves of the form of equation (4) were fitted to the model and prototype 
data, and the following two parameters were chosen to characterize the damage 
trends @abile): ithe) stability snumbers No.3) fox D' = 2.0 which characterizes 
the zero-damage level, and the regression coefficient b (eq. 4) which charac-— 
terizes the rate of increase in damage with increasing wave height. The 
parameters Nz and b are tabulated and grouped by relative depth in Table 1 
to facilitate comparison of small-scale and prototype values for similar wave 
conditions. 


IV. COMPARISON OF MODEL AND PROTOTYPE DATA 
1. Damage. 


The values of Nz and b from Table 1 are plotted versus d/gt? in Figure 
6 to demonstrate the influence of both the scale effects and the wave period 
effects on N, and b. The figure shows that the small-scale tests had lower 
values of N, and generally lower values of b than the prototype tests with 
similar wave conditions. This finding indicates that damage is initiated 
earlier in the small-scale tests than in the prototype tests but proceeds at a 
slower rate, with respect to increased wave height. The convergence in the 
damage trends typical of small-scale and prototype tests can be seen in Figure 
5. The regression curves cross; however, the actual data indicate that while 
the damage levels in the small-scale tests may approach those of the prototype, 
they do not surpass them for similar values of the dimensionless wave height. 
Figure 7 is similar to Figure 5 except it shows all the data for tests where 
d/gT? = 0.0144, which includes the data in Figure 5. The small-scale and 
prototype data fields overlap somewhat, but the crossover suggested by the 
regression curves in Figure 5 does not occur. For the tests where d/gT? = 
0.0264 and 0.0065, there is more overlap or convergence of small-scale and 
prototype data fields than shown in Figure 7; for tests where d/gT? = 0.0037 
there is no overlap and little convergence in the damage trends. The reason for 
the convergence of damage trends is unclear, but it may reflect the influence 
of breaker characteristics or may be caused by the size of the data set and the 
inherent scatter in the data. Convergence in the damage trend indicates a 
reduction in scale effects from the zero-damage level. 
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Table 1. Basic data. 


Armor 
layer 


thickness 


80 41.76 34.02 
80 29K5.6 W225 
89 Dollz 0.034 
89 4.97 0.034 
89 4.97 0.034 
89 4.48 0.034 
2 39) 532 34.02 
2 52.43 34.02 
2 30.48 Wd 725) 
2 55.47 54.43 
33 5.40 0.034 
33 4.12 0.034 
33 5), 08} 0.034 
5 5D 0.034 
7 46.33 34.02 
7 44.81 34.02 
7 29.87 12525) 
7 42.37 54.43 
7 42.06 54.43 
80 4.78 0.034 
80 4.51 0.034 
80 5.06 0.034 
80 4.82 0.034 
5 43.89 34.02 
>) 46.63 34.02 
5 25) o Vib 12525 
5 45.72 54.43 
5 Lo SL 54.43 
69 4.45 0.034 
69 4.36 0.034 
69 4.48 0.034 
69 4.54 0.034 
3 47.24 34.02 
3 29.26 W2625 
3 48.46 54.43 
34 3.84 0.034 
5)/ 4.18 0.034 
>)// 4.82 0.034 


Test d/gT? aT: 
designation! 
s 
SPL-17 0.0595 Pe 
SPL-27 0.0595 2 
SET-7 0.0588 QO. 
SET-8 0.0588 QO. 
SET-22 0.0588 0. 
SET-24 0.0588 QO. 
SPL-18 0.0264 4. 
SPL-25 0.0264 4. 
SPL-28 0.0264 4. 
SPL-35 0.0264 4. 
SET-2 0.0264 ike 
SET-4 0.0264 3 
SET-9 0.0264 ae 
SET-19 0.0264 iL 
SPL-19 0.0144 52 
SPL-23 0.0144 5. 
SPL-29 0.0144 Bye 
SPL-32 0.0144 5\e 
SPL-36 0.0144 Dis 
SET-1 0.0144 ales 
SET-3 0.0144 ie 
SET-10 0.0144 Io 
SET-20 0.0144 Ls 
SPL-20 0.00646] 8. 
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Figure 6. Zero-damage stability numbers, damage rate 


coefficients, and relative runup versus 
relative depth. 
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Figure 7. Small-scale and prototype damage trends 
for d/gT* = 0.0144. 


In addition to the information on damage trends, Figure 6 shows that the 
small-scale tests exhibit less influence of wave period at the zero-damage level 
than the prototype tests. The prototype Ng's have the characteristic parabolic 
trend of wave period that was observed in the data for slopes of 1 on 2.5 and 


1 on 5, as discussed by Ahrens and McCartney (1975), while the small-scale Nz's 
show a more linear trend. 


2. Profile Shapes. 


Another way to evaluate scale effects, particularly at high damage levels, 
is to compare the shapes of the damaged surface profiles for similar wave 
conditions. This comparison requires the use of data where the dimensionless 
damage is about the same at both small scale and prototype. Figure 8 shows a 
profile comparison for tests with short period waves (d/gT* = 0.0264) and gives 
the dimensionless wave height and damage, respectively, for both tests in the 
legend. The profiles were made comparable by increasing the small-scale test 
dimensions by a factor of 10. The shapes of the two profiles were similar, and 
the causative dimensionless wave heights were about the same. Figure 9 is 
similar to Figure 8 except the profile comparison was for tests with long 
period waves (d/gT? = 0.0037), and the causative dimensionless wave height was 
approximately 18 percent smaller in the small-scale tests. 
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Figure 8. Small-scale and prototype damage profile comparison 
for d/gT2 = 0.0264. 
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Figure 9. Small-scale and prototype damage profile comparison 
for d/gT2 = 0.0037. 
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The correlation coefficients of the damage profiles provided a convenient 
means of comparing the damage profiles of the model and the prototype by cal- 
culating the coefficients for model and prototype tests with approximately the 
same relative damage. The profiles tests were matched by the location of the 
stillwater level on the reference surveys, and the averaged differences from 
the reference surveys for the model and prototype tests were paired to calcu- 
late the correlation coefficient. Table 2 provides a tabulation of correlation 
coefficients for a number of model-prototype profile pairs, including those 
shown in Figures 8 and 9. In general, the closer the relative depths of the 
model and prototype tests were the more similar the profile shapes. 


3. Runup. 


In evaluating scale effects between small-scale and large-scale tests the 
wave runup was also compared. Runup was visually defined as the average point 
of maximum wave uprush on the riprap surface near the center of the wave tank. 
The elevation of this point was then measured using the survey apparatus. The 
runup data in Table 3 indicate that relative runup, R/H, can be considered 
constant for a fixed value of d/gt? between 0.0264 and 0.0036. For d/gt? 
of 0.0595 or 0.0589, the ratio of the relative runup to the surf parameter, €, 
is almost constant, where the surf parameter, &, is defined as 


B= G@ijip) We cond, 


Lo is the deepwater wavelength, and 6 the angle between the embankment and 
the horizontal. The runup invariants, R/H or (R/H)/&, as tabulated in 
Table 3 and shown in Figure 6, indicate that the runup in the small-scale tests 
was approximately 20 percent greater than predicted from the prototype tests. 


The small-scale test results at the zero-damage level give more conservative 
estimates of the stability number and the runup. The zero-damage level stabil- 
ity numbers are lower and the runup is higher in the small-scale tests than 
predicted by the prototype tests. The higher runup is probably due to the 
reduced penetration of the wave uprush in the small-scale tests as compared to 
the prototype tests. The stone size used in the filter layer was modeled 
geometrically but should be somewhat larger, according to Keulegan (1973), to 
obtain proper flow similitude. 


4. Flow Regime. 


In this study the small-scale tests replicated the prototype tests at a 
1:10 Froude scale which, assuming no scale effects, required rough turbulent 
flow in both the small-scale and prototype-scale tests. When using the Froude 
scale model the model and prototype will be dynamically similar with respect 
to inertial and viscous forces because viscous forces can be assumed insignifi- 
cant. The existence or nonexistence of rough turbulent flow is determined from 
the criterion established by Jonsson (1966). Using definitions similar to 
Madsen and White (1976), who applied Jonsson's criterion to rubble-mound 
structures, the Reynolds number, Rp, is given by 


Bee(L cote) (= 


= (5) 


2 


Table 2. Correlation coefficients for 
model and prototype profiles. 


Test 
designation 
d/gT? 


SET—2 
0.0264 


SET-1 
0.0144 


SET-13 
0.0037 


Table 3. Runup. 


R/H 


Wave d/gT? R/H E N Std. dev. 

period, mean 
Tk Mean Std. dev. Mean Std. dev. 
(s) 
2.89 00595 || a= ||) a 0.682 0.024 7 0.035 
0.89 0.0588 | ----- | ----- 0.760 0.051 18 0.067 
4.20 0.0264 | 1.004 0.086 | ----- | ----- 8 0.086 
6S} 0.0264 | 1.257 0.050 | ----- | ----- 4 0.040 
od 0.0144 | 1.138 0.040 | ----- | ----- ib 0.035 
1.80 0.0144 | 1.366 @,0@33 | ces |] == 5 0.024 
8.5 0.0064 | 1.444 0.021 | ----- | ----- 11. 0.015 
2S) 0.0064 | 1.649 0.040 | ----- | ----- 6 0.024 

iss} 0.0037 | 1.568 0.038 | ----- | ----- 6 0.024 
3.57 0.0037 | 1.948 0.097. | ----- | ----- 13 0. 


Qe 


and the roughness term, ajip/k, by 


a. mR (GL se cot20)1/2 
i Ae (6) 


k Ws 1/3 


z is the wave runup associated with the zero-damage wave height, Hz; 


where R 


T the wave period; and wv the kinematic viscosity. The values of runup used 
to compute the Reynolds number and roughness are tabulated by test in Table 4 
and represent the estimated runup which would be caused by the zero-damage 
wave height. The estimates of Rz are calculated using the values of Hz in 
Table 1 with the runup invariants tabulated in Table 3. Since the Reynolds 
number defined in equation (5) uses wave runup, the calculations of the flow 
regime refer to surface conditions, not conditions in the filter layer. In 
Figure 10 the Reynolds number and roughness values tabulated in Table 4 are 
shown with the flow regime boundaries as updated by Jonsson (1978). The 
figure shows that both the small-scale and prototype tests are in the rough 
turbulent flow regime. 


V. COMPARISON WITH OTHER SOURCES OF DATA 


Scale effects at the zero-damage level were compared with the scale effects 
test results of Dai and Kamel (1969) and Thomsen, Wohlt, and Harrison (1972) in 
Figure 11; Dai and Kamel used rough quarrystone in their rubble-mound stability 
tests and Thomsen, Wohlt, and Harrison used dumped Kimmswick limestone in their 
riprap stability tests. The comparison was made by dividing the individual 
value of Nz by the average prototype value of Nz for the tests having the 
same relative depth (designated Nzp)> as tabulated in Table 1 for this study, 
to form the scale effects factor Nz/Nzp- Figure 11 shows the scale effects 
factor plotted versus a Reynolds number, Ry, which is given by 


Fen \i/S 
(gH,) 1/2 e 


Wr 
Ry = vy 


where Hz, is the zero-damage wave height, and wv the kinematic viscosity of 
water (assumed to be 1.1306 x 10-© square meters per second corresponding to 

a water temperature of 15.6° Celsius). At the zero-damage Jevel the stability 
numbers were approximately 20 percent lower for the small-scale test than for 
the prototype test, as shown in Figure 11. The figure also shows that at the 
zero-damage level the scale effects observed in this study were somewhat less 
severe than those observed by Thomsen, Wohlt, and Harrison and comparable to 
those observed by Dai and Kamel. 


The small-scale test results of this study were also compared with a 1975 
study conducted by the Hydraulic Research Station (HRS), Wallingford, England, 
for the Construction Industry Research and Information Association (CIRIA) 
(Hydraulic Research Station, 1975). The HRS study on riprap stability under 
irregular wave attack was conducted at small scale. Table 5 tabulates the HRS 
tests with a 1 on 4 or 1 on 3 slope which were used for comparison. These slopes 
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Table 4. Flow regime computations . 


= ie | [ 
designation 1 x 1On° 
SL] 0.0595 ; 75 0.97 0.763 3.48 
SET-22 0.0588 1.06 O.O7ES || Oas13 
SET-24 0.0588 1,02 0.0763 | 0.335 
SPL-18 0.0264 0.92 0.763 Bho Zl 
SPL-25 0.0264 20) 0.763 2.86 
SET-2 0.0264 0.99 0.0763 | 0.300 
SET-9 0.0264 1.002 | 0.0763 | 0.264 
SET-19 0.0264 1.002 | 0.0763 | 0.234 
SPL-19 0.0144 1.08 0.763 2.93 
SPL-23 0.0144 1, 50 0.763 2.67 
SET-1 0.0144 1.002 | 0.0763 | 0.264 
SET-3 0.0144 L.Om 0.0763 | 0.251 
SET-10 0.0144 1.002 | 0.0763 | 0.286 
SET-20 0.0144 13} 0.0763 | 0.291 
SPL-20 0.00646 5 0.763 3.86 
SPL-24 0.00646 1.48 0.763 3.80 
SET-6 0.00646 1.06 0.0763 | 0.386 
SEn= ial 0.00646 1.002 | 0.0763 | 0.388 
SET-21 0.00646 WUD 0.0763 | 0.388 
SPL-22 0.00365 1.59 0.763 4.87 
SE 0.00366 1,002 || @,0763 | O,425 
SET-13 0.00366 1.003 | 0.0763 | 0.419 
SET-23 0.00366 1,03 0.0763 | 0.506 


aim/k Re 
i = Loy © 

(eq. 6)| (eq. 5) 
16.60 | 371 
14.94 8.65 
15.98 10.29 
15e32 222 
13.64 |135 

WA 33 Saya 
12.59 4.36 
aL LS} Bea 
14.00 |116 
7S) 63 
12.58 8) 
1,93} 2.89 
13.62 77 
1) ,82 8) /A3) 
18.41 83 
13513) 96 
18.41 4.35 
18.49 4.65 
18.49 4.15 
2) DG || LALO 
20.26 (ey MA, 
19.98 4.09 
24.16 5.21 


=! 


Taq1 test cot@ = 3.5. 
2k a (Wso/wr) 1/3 ° 


3Assumed value of kinematic viscosity. 
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Figure 10. Flow regime. 
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25 


Table 5. HRS data. 


Tests |Slope 


b 
lan equation of the form D' = aNg was fitted to the data. 


ait predicted wave height at D' = 2.00. 


3Re predicted runup for Hz. 


RZ (1 + cot*6) (2n/T) 
‘RE = >, where v = 9.3 x 1073 square centimeters 


per second and d/gT? = 0.023 is assumed. 
ST ranged from 1.66 to 1.15 seconds, d/gT? ranged from 0.023 to 0.047. 


P 
aa, equaled 1.154 seconds, d/gT* equaled 0.023. 
Tit equaled 1.431, d/gT* equaled 0.023. 
Pn equaled 1.655, d/gT* equaled 0.023. 
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were chosen because they bracketed the 1 on 3.5 slope used in the small-scale 
tests of this study. Only the small-scale tests with a relative depth of 
0.0144 and 0.0264 were used. The relative depth of 0.0144 gave the lowest 
stability numbers and 0.0264 was in the range of relative depths tested in the 
HRS study. Figure 12 shows the stability numbers, Nz, versus the Reynolds 
number, Rp, which is described by equation (5). From Figure 12 it can be 
hypothesized that riprap stability under irregular wave attack may be equiva-— 
lent to the monochromatic tests with the relative depths that yield the lowest 
stability numbers. 


VI. RESULTS AND CONCLUSIONS 


The results of this study showed a reduction of about 20 percent in the 
zero-damage stability numbers for a 1:10 (model:prototype) Froude scale model 
from the expected prototype values. The reduction of stability in the model 
appears to be related to the lack of penetration of the wave runup into the 
filter layer and the improper modeling of the flow regime within the filter 
layer. Figures 5 and 7 show that the difference between the small-scale tests 
and the prototype tests decreased as the damage level increased indicating 
that the scale effects decrease. The data points in Figure 7 indicate a 
convergence of the damage trends, whereas the equation D!' = ane, as shown in 
Figure 5, shows a crossing of the damage trends. The convergence of damage 
trends seems reasonable because higher Reynolds numbers developed at higher 
damage level and the viscous forces became less significant. The crossing of 
the damage trends seems unreasonable and could be caused by the method used in 
deriving the equation D' = aNd. The data points at the lower damage levels 
could be exerting more influence on the equation than is justified. 


The following conclusions were reached: 

1. The tests at a 1:10 (model:prototype) Froude scale yield zero-damage 
stability numbers about 20 percent lower than the prototype tests. This 
indicates that scale effects in this study were less severe than those found by 


Thomsen, Wohlt, and Harrison (1972). 


2. Scale effects were less severe at high levels of damage than at the 
zero-damage level. 


3. The runup at the zero level was about 20 percent higher in the small- 
scale tests than predicted by the prototype test. 


4. The shapes of the damage profile for the small-scale and the prototype 
tests having the same relative depth were very similar. 


5. At the zero-damage level, wave period had less influence in the small- 
scale tests than in the prototype tests. 


(AT 


“eIep SYH ‘SaAequnu spjTouAesy snsaea Sxaqunu AITTTqeIS “°7ZT ean8Ty 


3y 
Ol 90! 50! 


vb100=216/p adois G' ¢ vO| 9Y3D 


79200 =216/p adojs G'¢ vO! Jy399 
ado|S UO | SYH 


adojS € UO | SYH 


28 


LITERATURE CITED 


AHRENS, J.P., "Large Wave Tank Tests of Riprap Siealopilatign7gy! WwNt Sly WisSa Avsuby5 
Corps of Engineers, Coastal Engineering Research Center, Fort Belvoir, Va., 
May 1975. 


AHRENS, J.P., and McCARTNEY, B.L., "Wave Period Effect on the Stability of 
Riprap," Proceedings of the Specialty Conference on Civil Engtneering in the 
Oceans/III, American Society of Civil Engineers, 1975 (also Reprint 76-2, 
U.S. Army, Corps of Engineers, Coastal Engineering Research Center, Fort 
Belvoir, Va., NTIS A029 726). 


COASTAL ENGINEERING RESEARCH CENTER, "Its Mission and Capabilities," U.S. Army 
Corps of Engineers, Fort Belvoir, Va., May 1980. 


DAI, Y.B., and KAMEL, A.M., "Scale Effect Tests for Rubble-Mound Breakwaters," 


Research Report H-69-2, U.S. Army Engineer Waterways Experiment Station, 
Vicksburg, Miss., 1969. 


HUDSON, R.Y., "Design of Quarry-Stone Cover Layers for Rubble-Mound Break- 
waters; Hydraulic Laboratory Investigation," Research Report 2-2, U.S. Army 
Engineer Waterways Experiment Station, Vicksburg, Miss., 1958. 


HYDRAULIC RESEARCH STATION, "Riprap Design for Wind-Wave Attack, A Laboratory 


Study in Random Waves,"' Report No. EX 707, Wallingford, Oxfordshire, England, 
O5e ; 


JONSSON, 1.G., "Wave Boundary Layers and Friction Factors," Proceedings of the 
10th Conference on Coastal Engineering, American Society of Civil Engineers, 
1966. 


JONSSON, I.G., "A New Approach to Oscillatory Rough Turbulent Boundary Layers," 
Series Paper No. 17, Institute of Hydrodynamics and Hydraulic Engineering, 
Lyngby, Denmark, 1978. 


KEULEGAN, G.H., "Wave Transmission Through Rock Structures; Hydraulic Model 
Investigation," Research Report H-73-1, U.S. Army Engineer Waterways 
Experiment Station, Vicksburg, Miss., June 1973. 


MADSEN, O.S., "Waves Generated by a Piston-Type Wavemaker," Proceedings of the 
12th Conference on Coastal Engineering, American Society of Civil Engineers, 
Vol. I, 1970, pp. 589-607 (also Reprint 4-71, U.S. Army, Corps of Engineers, 
Coastal Engineering Research Center, Fort Belvoir, Va., NTIS 732 607). 


MADSEN, O.S., and WHITE, S.M., "Reflection and Transmission Characteristics of 
Porous Rubble—Mound Breakwaters,'' MR 76-5, U.S. Army, Corps of Engineers, 
Coastal Engineering Research Center, Fort Belvoir, Va., Mar. 1976. 


THOMSEN, A.L., WOHLT, P.E., and HARRISON, A.S., "Riprap Stability on Earth 
Embankments Tested in Large- and Small-Scale Wave Tanks," TM 37, U.S. Army, 


Corps of Engineers, Coastal Engineering Research Center, Fort Belvoir, Va., 
June 1972. 


29 


piel Ge $: ote MT x Sela qe 
fee nhowioil 408 urea psicims 


ko yoitidase 


sold pe 


yntA 


" gyeiswnas tt bangle anie rok pooel 
molsed2 sneak ieqKs. eyes? } 


tnomd beware ddd 2o2 sak Sie tpactay! ii. 


,ae halted ‘ee. 


var 


safano Ana reree qiehed 
Rreveree 


and f: 


“i 
ua 


| #4 ose tigre ‘3 sieht haa 2 


. 


i ig 


ona 


eroggt and Qive) 


»B.U bens ‘fasdagel ban webeedit yal” met: ‘ital 


I 
a) 


. 
SHI NOS IG! 


0 ee qe 


re 
ala bet DEvES oto eet oud aestsemA RAT 


ie pateers A adhd’ dgvenk eK api fave of ome’ 


rey 


i 


afd ov er tadier rout ts a Ber 


aeathyd rugs ced spinels Suh. a yer 


Kite 


eva rare if 


Sy 
oa 


> fe no 


4 >) - 
sigungh\ 4 shored nuyte 
aygn! enh wth! +e 


i. 
" 


atosatgas Yo aqre) 


TED 1 


[N00 


egy 


aah 


to apt tar T9ISD ry: ’ 


jexosiigdd te aqao SWNT» Se 
TONel stat pe Bts es ia "yOR . 195SU Ha we8s2oR pabreathy i 

isvea no voiltds: set fen GBA. ORT AAR bin. ,«<ded , SanOw esd A 
ymth «ct. ¢\t, MT. ge fsel wash atase- ifama@ bas ~ogtet of: bs soot aane 


ir 
. le | 


~travisd 


"en 


yeaentsvald ays 


Watoue waolsomaA, , ASE CHESS) 


é eon G 


act pepe rane Ta Borys eee. riaeh Lay 


20 see dguasnel gab nm tyea taraad? taal pee 


coat Re 


Dat welt at % 25M bo axe 


la Tregaea. hae baal -taread vmosarodee 
pe tl:, gradedaty , Hot pase aregart ed 


oP rt ag kasd quaqea” 
Breet Lika {Ot 2a coh ataget * 


ess hae testesiih By pata‘ 


: ae 


rc 
ri 


ral gan a 
3 any beaby Hoag?’ savtkiand et oor 
“ff * tbe eames 


Woah (MvoxiT presen dart cal 
U . k-th sooqea 4 pig be “ot 
LEVRL ant ..BaaM poten rT Lolgnaw ‘ 
HOIEkT & ea basa paren labo" PP’ 
: Seana Sloe Usa a Awe 
A.0 .d8-a soksqed, oe fn) a qq «OSRE 


Le 


ay ,ctovisd JF ot. 7redes) ita aivesaks 


: ; 
Gaiam Elen pees Pree fer 


eA Gh bie ys @eele 
j =a tine” piotenleg’ invol-9 1 cau 


“wetand Upteorel gabwsankgnd Tadaaod eisentgnd 4a 


SEL) i 


as 


erg) €-78 “ou da1gcn° £07201 
"€-78 ‘ou £ ((°S°N) AeqUeD YyoIeeSaYy 
Sutiveutsuq ~Teqseop) aeded Teotuyoel, :seties “AIT °(°S°N) Jaquag 
yoivesoy Buyiseut3uq [e3seoD “III ‘°d uyor ‘suezyy “II “2eTITL “I 
*SOARPM °€ “*SeTpNyAS Tepow—-sjoezJo eTedS *Z “ATT TGQeas deadtTy *T[ 
*JoqUeD YoIReSey ButTrseuTsuq Teqseop oy. Je Yue VAeM VBIeT 9yI UT 
peryonpuod joey G BuTpssoxe saWtTJomos sqzYysTey sAeM JO sjsaq snoTAevad 
aqeottder yotym ‘ateos apnoig (edf43030A1d: Tapom) OT:1 eB 3e AITTTQeIqIS 
deidti jo sso} oTeoS-TTeUs Jo uoTJenTeAs ue sapTAoad jaoday 
°6@ °‘d £,.peqto e1njeiteqrT,, 
.° 7861 3snsny,, 
*9TITI rVA09 
(€-Z8 ‘ou £ Jeque9 yorPesay 
BuyisveutTsug ~Teqseoj / aeded [Teopuyoey)--*-wo gz : "TTT : *d [6z] 
“7861 
*STIN Woay eTqeTTeae : “eA ‘pTetyzS8utadg f1aque9 yoieessy ButissuTsuq 
Teaseop ‘sisoutTsuq jo sdiop ‘Away *S*n : "eA SATOATEG 310q--*sudrYyy 
*d uyor pue yoTiepoig *7 efaney Aq / sjz0azza aTeos Aqt{TtTqeqs deadry 
"7 ofane] ‘yoTIepoag 


1¢9 €-78 *ou d3Tgcn* €020L 
*"€-78 ‘ou £ ((*S*N) AaqUaD YoIRaSSy 
SupTisveutsuy ~Teqseop) aoded TeopuyseL, :setzes “AI °*(°S*°N) i1aqueD 
yoressoy BSutisoutTsuq y~eqseop “III ‘d wyor ‘sueazyy “II “oTITL *I 
*soAeM °€ “*“SOTpnjs Tapow—-sj.ezJe aTeos *Z “*AATTTQeqys deadty “1 
*1ajueg yoieasey BZutiseuzsuq Teqseog oy} Je yUeI aAeM JBIeT YI UT 
peJonpuod joey ¢ Buptpssoxe soWtJomos sqzYysToy sAeM JO sjseq snofAdad 
ajzeottdea yotyM ‘eTeos apnoig (edkj0301d: Tepow) OT:1T eB 3e AITTTGQeIS 
deadjta jo sjseaq oTeos-TTeWs FO uoTIeNTeAV ue saptTAoid jy10day 
*6@ °‘d £,,peqto e41njei9TT,, 
.°786T asngny,, 
*9TITI 1aA09 
(€-78 ‘ou { taqueg yoressoy 
Suyiveutsuyq ~Teqseop / aeded Teopuyoey)--*wo gz * *TTE : *d [67] 
“7861 
*SIIN Woay eTqeTTeae : *eA ‘pratysutads f19que yorlessoy SutissuTsuyq 
Teaseop ‘sisveutTsuq yo sdiop ‘Amway *S*f : *eA ‘SAfOATOgG 10q--*susdI1Yy 
*d uyof pue yxoTIepoig *T afaney Aq / sjoazza aTeOS ARTTTqQeqs deadty 
"7 atane] ‘yxoTIepoig 


L709 €-78 °ou d31gcn* £072OL 
"€-78 ‘ou = ((*S*N) JeqUeDQ YyoIPAaSay 
BuTiseutTsuq Tejseo)) Jeded ~eoptuydeL, :seties *AI °*(*S*N) Jequeg 
yoieesoy Buyilesutsuq [TeqseopD “III “*d uyor ‘sueayy “Il “eTITL “I 
*soaeM °€ °SaTpnqgs [Tepow--sjoeFjo aTeos °Z “*AatTTqeqs deadry *]{ 
*ZeqUaD YOAIeessy BuTIeesuTsuq TeIseoD sy We Yue BAPM JBIPT OYQ UT 
Ppeqonpuod jsaeF ¢ BuTpssoxe soWt~Jowos sqzYystTey sAeM JO Ssqsaq snotTAsad 
aqeottTdet yotym ‘ateos apnoig (edhj0301d:Tepom) OQI:]T e 3e AITTTQeIs 
deidti Jo s}seq eTeoS-[[TeWs Jo uoTJeNTeAD ue saptAord ja0dsay 
6c *d £,.peqt9 e1njei9qt,, 
7861 asngny,, 
*aTITI] IeA09 
(€-78 *ou £ iteqUuaD YyoIeasay 
Sutiseutsuq Teqjseo) / teded [eoTuyoey)--*wo gz *‘ *TTE : *d [67] 
“786I 
*“STIN Woaz oTqeTTeae : *eA ‘ptetzsutidg f1aquep yoieosay ButrsauTsuq 
qTeqseop ‘saseuzt3uq jo sdiog ‘Amwaty *S*N : “BA SATOATEg 310q——*susIYyy 
*d uyor pue yOTIepoag *7 aTaney] Aq / sjo0ezFe aTeos AqtTTqeqs deadry 
*7 ofaney ‘yotIepoag 


€-c8 °ou d31gsn° €0720L 
*€-78 ‘ou = ((°S*°N) dequeg YyoAeassay 
Sup~iseuTsuq Teqyseogj) aeded TeoTuyoe, :seties “AI “*(*S*N) JaqueD 
yoreessoy ButiseuTsuq Teyseop “III ‘*d uyor ‘sueayy “II “*eTITL “I 
*soAeM *€ “°“SaTpNys Tepow—-sqzIeFJo oTeos *Z *AaTTTQeqys deadtTy *T 
*1aquUe9 YoIeesey BuTiseuTsuq TeIseoD oy. Je YyUeR sAeM VBIeT 9yI UT 
peqJonpuod Joey ¢ But~psesxe sowptjewos sqzYySstTey sAeM JO SsqzSaq snoTAead 
aqeottdes yorym Sateos apnoayq (adAhj0j0A1d: Tapom) OI:T eB 3e AITTTQeIS 
deadta jo sjsaq eTeOSs-[TeWs Jo uoTJeNTeAe ue sapTAaoid jaodeay 
"6c *d {peat eanjersaqrt,, 
.' 7861 asnsny,, 
*aT3T] IeA09 
(€-78 ‘ou $ itaque9g yo1Pasay 
Suyissuysuy Teqseog / ieded Teofuyoay)--*wo gz * “TTT: *d [67] 
“Z86I 
*“STIN Wo1y oTqeTTeae : *eA ‘ptetysutads {aaqueg yoreesay SuyiaseuTsuy 
Teaseop ‘siaeutsuq jo sdiop ‘Away *S*f : “eA SApOATeg 3104-—*susTyy 
*d uyor pue yoTIepoag “7 ataney] Aq / sqoazza aTeos AqtTTqeqas deadry 
“7 aTaney ‘yoOTIepojig 


= 


